Objectives: The usefulness of the implantable loop recorder (ILR) with improved atrial fibrillation (AF) detection capability (Reveal XT) and the factors associated with AF in the setting of unexplained stroke were investigated.
Atrial fibrillation (AF) is a common cause of stroke, accounting for about 25% of all infarcts. 1 A significant proportion of strokes remain unexplained despite thorough investigation, in particular in younger people, 2 and a proportion of these have undiagnosed paroxysmal AF (PAF).
There are several methods of noninvasive cardiac rhythm monitoring, 3 all of which have a low sensitivity for AF detection (30%-65%) in patients with PAF, even when longer duration and repeated monitoring is used. 4 Holter monitoring in particular has a low yield for AF detection after stroke (3%-5%) and is costly per AF event detected. 5 There is evidence that many patients with AF have long intervals of sinus rhythm, making short duration noncontinuous monitoring suboptimal for excluding AF. 6 Implantable loop recorders (ILRs) allow continuous cardiac monitoring for up to 3 years. A previous study investigated the use of ILRs for AF detection following stroke, and reported a very low yield. However, the device used did not have specific capability to detect AF. 7 A newer ILR device (Reveal XT, Medtronic, Minneapolis, MN) has a specific AF detection algorithm. The aim of this study is to report the results of the use of ILRs in a cohort of selected patients with unexplained stroke, and to investigate the factors associated with AF detection.
METHODS Participants. The study is a cohort study of patients who underwent ILR implantation for investigation of ischemic strokes that were, at the time of implantation, unexplained. All were patients at Cambridge University Hospital NHS Foundation Trust and underwent device implantation between August 2010 and October 2011. Patients with TIA and those with a documented cause of stroke before ILR implantation were excluded.
All had brain imaging (MRI 6 CT n 5 44, CT alone n 5 7) showing infarcts whose topography would be consistent with embolism, such as cortical and striatocapsular infarcts. Those whose symptomatic infarcts were more suggestive of intrinsic small-vessel disease (single, deep branch artery stroke) were excluded. Arterial imaging had been performed in every patient and those with a clearly relevant arterial lesion (atheromatous stenosis .50% or dissection) were excluded. Structural cardiac imaging (transthoracic echo n 5 51, transesophageal echo n 5 30) had excluded a high-risk cardiac embolic source in all cases. Transthoracic echo with bubble contrast (n 5 30) was performed in younger patients (usually #55 years) as a routine part of investigation. Isolated patent foramen ovale (PFO) and PFO with accompanying atrial septal aneurysm (ASA) were considered low risk and not a definite cause of stroke (as per A-S-C-O [phenotypic] criteria 8 ). All patients had undergone rhythm monitoring with standard EKG and at least 24 hours of Holter monitoring and no AF had been detected.
Thus, at the time of ILR implantation, all patients would have fulfilled criteria for cryptogenic brain infarcts according to the A-S-C-O criteria (no level 1 evidence, no level 2 evidence excluding PFO with ASA) and the Trial of ORG 10172 in Acute Stroke Treatment (TOAST) 9 (except for those with isolated PFO [n 5 22] and PFO plus ASA [n 5 9], whose relevance is uncertain). In particular, no participant had any prior history of atrial arrhythmia. All cases were discussed at a cardiac-neurovascular multidisciplinary meeting to make the determination of cryptogenic stroke and decision on device implantation. Implant procedure. The ILR was implanted in a left parasternal position. Optimal orientation of the device was determined in advance, using the Vector Check Tool (Medtronic), which enables testing for the highest R-wave amplitude obtained from a single lead recording in different locations and orientations on the body surface. The device was inserted into the subcutaneous tissue with limited prior pocket preparation to ensure close tissuedevice contact. Sensitivity was programmed according to the manufacturer's recommendation to 0.05 mV. Devices were programmed to detect AF with standard bradycardia and tachycardia detection limits (,40 bpm, .150 bpm).
Arrhythmia recognition and recording. The AF detection algorithm operates through continuous assessment of the regularity of R-R intervals within a 2-minute time window. It requires 2 minutes of AF for the device to recognize the rhythm as AF (shorter episodes may be captured if patient activated). When AF is detected, it is recorded as a sustained AF episode within the automatic episode counter, showing date and time of occurrence and episode duration. For each detected episode, the device has capacity to store 2 minutes as electrogram, with total storage capacity of 49.5 minutes. When storage capacity is met, older electrograms are overwritten with newer ones.
An additional hand-held tool ("Patient Assistant") allows patients to assess whether an arrhythmia event has been detected. The patient holds the device over the ILR and presses a button. If an episode of AF has been recorded, a signal on the Patient Assistant lights up and the patient is directed to contact the hospital for device interrogation.
Interrogation and follow-up. Follow-up device interrogation was recommended at 1-month intervals, either by hospital visit or via the manufacturer's remote monitoring system (CareLink), which enables device interrogation from the hospital clinic over the telephone line. For patients able to use the Patient Assistant, daily device assessment was recommended. Manual analysis was performed by a cardiologist of the electrogram of episodes classified by the ILR as AF, and all cases of AF were independently verified by a second cardiologist. The definition of AF for manual analysis was an irregularly irregular R-R interval and the absence of distinct P waves on the electrogram. A diagnosis of AF was accepted when manual analysis confirmed the ILR classification.
Analysis. The details and results of all cardiac investigations undertaken were recorded. Left atrial (LA) volumes from the transthoracic echo were measured by the biplane modified arealength method. The duration of pre-ILR implantation noninvasive cardiac monitoring and the average number of atrial premature contractions (APCs) per day were noted. P-wave duration was measured as previously described. 10 Interatrial block was defined as a maximum P-wave duration of $120 msec.
Prespecified comparison between the groups with and without AF was undertaken for the occurrence of clinical, electrocardiographic, and echocardiographic factors: age, sex, CHADS2 and CHA2DS2-VASc score, number of APCs per day on external monitoring, P-wave duration, and LA volume. Missing values were excluded from analysis. Multivariate analysis was not undertaken given the sample size. The sample size was based on the number of cases who had undergone ILR implantation and had at least 50 days of monitoring.
Standard protocol approvals, registrations, and patient consents. The intervention was undertaken as part of clinical care.
Surgical consent for the procedure was obtained from each patient. Institutional approval was obtained for the study and reporting of data. A protocol with prespecified endpoints was registered with the institution research and development department. The study conforms to the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement guidelines.
RESULTS Fifty-four ILRs were inserted at the institution during the study period for stroke investigation. Two cases were excluded as they did not meet the definition of cryptogenic stroke for inclusion (both A0S2C3O0), and 51 cases had 50 days of continuous monitoring and were included. Demographics and characteristics of the cases are detailed in the table. The median duration of rhythm monitoring prior to ILR implantation was 1 day (interquartile range [IQR] 1-2 days; range 1-7 days).
AF was detected in 13 cases (25.5%; 95% confidence interval [CI] 13.1%-37.9%). The median duration of recording prior to first episode of AF was 48 days (IQR 34-118; range 0-154) ( figure) . The median duration of first detected AF was 6 minutes (range 1-4,320 minutes). The mean (SD) duration of ILR monitoring in those without AF was 229 (116) days. One episode was symptomatic and patient activated; all other episodes were detected automatically by the device.
The characteristics of the groups with and without AF are displayed in the table. Those in whom AF was detected were older than those with no AF (48.9 vs 59.2 years; t 5 2.45, p 5 0.018). Interatrial block was more prevalent in those with AF identified (x 2 5 5.44; p 5 0.02; minimum 95 milliseconds, maximum 159 milliseconds). APCs were more frequent in the preceding rhythm monitoring in those who subsequently developed AF (Z 5 2.89; p 5 0.004). Those with AF had larger indexed LA volumes (t 5 22.31; p 5 0.025). The CHADS2 score (Z 5 22.95; p 5 0.003) and CHA2DS2-VASc score (Z 5 23.20; p 5 0.001) were both significantly greater in those with AF.
A shunt investigation was undertaken in 30 cases, of whom 22 had a PFO (73.3%; 95% CI 56.5%-90.1%). AF was detected in 4 cases with a PFO (2 isolated PFO and 2 PFO with an ASA). Of those who had had a shunt investigation, AF was not more prevalent in those with a PFO than those without (4/22 vs 1/8; p 5 0.71).
DISCUSSION This study reports the use of ILRs with a dedicated AF detection algorithm in the investigation of cryptogenic stroke patients. The detection rate of AF in this cohort was 25% and provided a firm indication for a switch from antiplatelet therapy to therapeutic anticoagulation in each of these patients.
A previous study of the use of ILRs in the setting of unexplained stroke reported very low detection rates. 7 In the 24 patients (age 19-74), just one episode of AF was detected. The authors noted that a limitation of the study was the ILR device used (which did not have a specific AF detection algorithm).
Noninvasive rhythm monitoring has significant limitations in the search for (and exclusion of) AF following stroke. While 24 hours of Holter monitoring is commonly used, the yield is low at less than 5%. 5 Longer monitoring improves the yield, with a doubling of diagnosis by increasing to 7 days. 11 Prolonged monitoring with external loop recorders, event recorders, and outpatient telemetry may improve detection rates. 3 However, data extrapolated from implanted devices have suggested the yield of AF detection continues to increase with increasing duration of monitoring. 12 In a substudy of TRENDS, a single 24-hour Holter would have diagnosed AF in 3%, whereas 7, 21, or 30 days of monitoring would have led to diagnosis of AF in 6%, 9%, or 11%, respectively. 12 Similarly, the Atrial Fibrillation Reduction Atrial Pacing Trial (ASSERT) reported a high yield of subclinical AF with a median delay to first episode of 38 days. 6 In keeping with these findings, a recent article reported a new diagnosis of PAF in 11% of a cohort of cryptogenic stroke with 30-day monitoring. 13 It is interesting to note that the median delay to AF detection in the current article was longer than in this 30-day study, suggesting that the yield may continue beyond this 30-day window.
To date, ILRs have been primarily used for the investigation of syncope, and until recently did not have a dedicated AF detection capability. The device used in this study has an AF detection algorithm based on the incoherence of R-R intervals, and does so by constructing a Lorenz plot of R-R interval variation. 14 When compared with Holter monitoring, the Reveal XT device has a sensitivity and specificity for AF detection of 96.1% and 85.4%, respectively. 14 The specificity is further improved in practice by manual review of the recorded electrograms. The undetected episodes were those less than 2 minutes duration recorded by the Holter monitor.
Based on current evidence, a clinical decision was made at the institution to implant ILRs with the ability to detect AF in those with unexplained stroke despite complete investigation (i.e., genuine cryptogenic stroke). The ILR was implanted after a variable period of noncontinuous monitoring, which may have involved sequential Holter monitors. A consequence of this approach is that there was a long delay from the event to the ILR implant. It has been shown that earlier monitoring is associated with a higher yield of AF, and efforts to reduce the delay to implantation with improved algorithms may be beneficial. 3, 15 This report describes the yield of AF and time to AF with duration of first episode. The Reveal XT will, in addition, give a measure of AF burden. In this study, the AF burden is not described, as data were not collected for study purposes beyond the first detection of AF. It is likely that the AF burden will be very low in most cases due to the long time to first episode. The duration of AF episodes in this study was in general brief and shorter than may be considered significant in other patient groups. In studies of pacemaker data, longer duration of AF (more than 5 minutes 16 and more than 1 day 17 ) is associated with a higher stroke risk. Therefore it is not possible to be certain as to the stroke risk conferred by the shorter detected episodes of AF in this study. However, the cases included had all had a definite cerebral infarct and no other cause of stroke and therefore differ from cohorts in the pacemaker studies. They all had a CHADS2 of at least 2 (with a median of 3), and therefore the relevance of transient episodes of AF may be greater in this cohort than AF detected incidentally in other patient groups. Other groups have reported short episodes of AF as significant in a poststroke setting. 18 In the reported series, easily identifiable factors associated with AF were observed. While the small numbers limit the ability to investigate the independence of these features (in particular when controlled for age), they suggest that, with larger numbers, a predictive model may allow identification of those at highest risk of AF. This would allow optimum targeting of resources, with cost benefits.
Patients with atrial septal abnormalities were included in this cohort. It is important to include this group and reflects the current understanding (or lack of understanding) of the reason underlying the strong association between PFO and unexplained stroke in younger people. 19 While AF was not more frequent in those with a PFO, the finding of AF (a high-risk cardiac abnormality) in 4 patients with atrial septal abnormalities (low-risk cardiac abnormalities) is noteworthy. This adds to the uncertainty regarding the relevance of such anomalies in ischemic stroke and suggests that the finding of a lowrisk atrial septal anomaly should not prevent a search for a recognized high-risk pathology.
The current report has the strength of demonstrating the utility of ILRs in clinical practice for stroke investigation. In similar cohorts of unexplained stroke, a similar proportion may be anticipated. A limitation of the study is the small sample size. The true population yield of the test is estimated at between 13.1% and 37.9%. At even the lower bound of the CI, the proportion of patients with undetected AF by traditional noncontinuous monitoring is important. It is encouraging that significant difference in the prespecified endpoints was noted. The independence of predictive factors could not be assessed as there were insufficient numbers to allow a meaningful multivariate model to be constructed. A further limitation of the study is that the total population of stroke presentations from whom this cohort was recruited is not known. It would improve the generalizability of the findings if this were known. This limitation is minimized by the clear definition of the population and of cryptogenic stroke, suggesting the results may be generalized to others with similar characteristics.
With the use of ILRs in unexplained stroke, AF can be identified in a substantial proportion of patients despite normal traditional monitoring methods. This may have a major impact on the secondary prevention of stroke in these patients. Identification of predictive factors may allow targeting of implantation with greater cost-effectiveness.
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